C ounterfactuals are mental simulations of "what might have been." They refer to imagined alternatives to something that has actually occurred. They play a significant role in other cognitive processes such as conceptual learning, decision making, social cognition, mood adjustment, and performance improvement. 1 They help us to process causal relations by highlighting possible causal antecedents of an unpleasant outcome (for example, "if only we had left earlier, we would have avoided the storm"; "if only I had studied harder, I would not have flunked the test"), and to imagine better ways of proceeding ("Henceforth, we will leave earlier . . ."; " . . .study harder . . .", and so on). They appear to be a pervasive part of normal cognitive processing and may occur fairly often outside of conscious awareness. Without counterfactual thinking a person would find it more difficult to avoid repetition of past mistakes, to adjust their mood after an unpleasant event, to reason effectively about unpleasant events, and so forth. Knight and Grabowecky 2 described a man with dorsolateral prefrontal cortical damage in which the most marked behaviour was "a complete absence of counterfactual expressions." This lack of counterfactual expression existed in spite of the fact that the man had recently experienced emotional stressors (for example, a career setback) that are typically associated with the emergence of conscious counterfactual thinking. The man was perseverative and socially impaired as well. More recently, Hooker et al reported that patients with schizophrenia are less likely than controls to mention counterfactual thoughts after recalling personally experienced negative events 3 ; in addition, counterfactually derived inferences were reliably different between the schizophrenic subjects and controls, as assessed by scores on a "counterfactual inference test" (CIT) developed by the authors. On the other hand the two groups did not differ on other cognitive measures such as the vocabulary subtest of the WAIS-R, so the counterfactual deficit could not be attributed only to a general cognitive impairment. Like persons with frontal lesions, schizophrenic individuals are perseverative, socially inappropriate, and less efficient learners when compared with healthy people. As many patients with schizophrenia typically show prefrontal lobe dysfunction, the authors suggested that the poor counterfactual performance might be related to that feature. Unfortunately, no data were reported on the strength of relation between performance on tests of frontal function and performance on counterfactual tasks, so no direct evidence of involvement of the frontal lobes was obtained.
Parkinson's disease is characterised by rigidity, bradykinesia, gait disorders, and sometimes tremors. The primary pathology involves loss of dopaminergic cells in the substantia nigra and the ventral tegmental area (VTA). 4 5 These two subcortical dopaminergic sites give rise to two projection systems important for motor, affective, and cognitive functioning. The nigrostriatal system, primarily implicated in motor functions, originates in the pars compacta of the substantia nigra and terminates in the striatum. The meso-limbic-cortical system contributes to cognitive and affective functioning. It originates in the VTA and terminates in the ventral striatum, amygdala, frontal lobes, and some other basal forebrain areas. Dopamine levels in the ventral striatum, frontal lobes, and hippocampus are approximately 40% of normal values in Parkinson's disease. [4] [5] [6] [7] The degree of nigro-striatal impairment correlates with the degree of motor impairment in affected individuals, while VTA-mesocortical dopaminergic impairment correlates positively with the degree of affective and intellectual impairment. [8] [9] [10] The mesocortical dopaminergic dysfunction very probably has a negative impact on prefrontal lobe functions. There is a substantial body of evidence for prefrontal dysfunction in many patients with Parkinson's disease (for reviews, see [11] [12] [13] [14] [15] [16] [17] [18] [19] ) but counterfactual processing has, to our knowledge, never been studied in these patients. Specific deficits that have been linked to prefrontal dysfunction in Parkinson's disease patients include poor planning, perseveration, poor problem solving, difficulty generating novel ideas, impaired working memory, and speech monitoring deficits. 19 20 In this study we attempted to document counterfactual processing abilities in patients with Parkinson's disease, and to examine more directly the relation between counterfactuals and prefrontal function. We administered both counterfactual tests and tests of prefrontal function to a group of patients with Parkinson's disease. If counterfactual thinking depends crucially on intact prefrontal function then it should be impaired in such individuals, who are known to have prefrontal deficits.
METHODS

Participants
Twenty four patients with Parkinson's disease were recruited from the outpatient movement disorders clinic at the VA New England Healthcare System, Boston, Massachusetts. Patients were individually diagnosed by Dr Raymon Durso, director of the clinic. All were male and right handed. The mean disease duration was 8.0 years. None of the patients was demented according to clinical examination and DSM-III criteria. All were on some form of dopaminergic drug treatment and were tested while on treatment. Patients with a history of substance abuse or head injury were excluded.
Fifteen age matched control participants were recruited from the support staff of the same facility and the Boston area community. There was no significant difference in education between the Parkinson's disease patients (mean 12.8 years) and the controls (mean 13.3 years) (t < 1), or in age (Parkinson's disease, 70.2 (10.4) years (mean (SD)); controls, 67.3 (7.9) years; t(37) = −0.918, p = 0.364).
Measures and procedure
All participants completed a battery of tests that included two counterfactual measures, two measures of general cognitive ability, three measures of prefrontal function, and one measure of social functioning.
Counterfactual tests
Following Hooker et al, 3 we used two measures of counterfactual thinking: one was a direct measure of the participants' ability to generate counterfactuals derived from their own recent past; the second was a measure of the resultant inferences and insights that emerge from successful manipulation of counterfactual ideas.
The first counterfactual measure focused on the frequency of counterfactual thinking, centring on personal real life events. Participants were first asked to recall a negative personal event; they were given three minutes to consider this event in detail (negative as opposed to positive events were used because past research shows that spontaneous counterfactual thinking is more likely for such events; see Roese and Hur, 1997 21 ). Participants were then asked explicitly if, as they recalled their personal life event, they had any thoughts of how things might have gone differently-thoughts of "if only's" or "what if 's." Responses were tape recorded and the number of discrete counterfactual thoughts (defined in terms of semantically separate antecedents-that is, different alternative actions that might have been taken) was tabulated. This direct solicitation of counterfactual thinking based on retrospective self report has been widely used in research among normal populations. 1 For the second counterfactual measure we used Hooker et al's counterfactual inference test (CIT) 3 which is centred on inferences resulting from counterfactual thinking. The CIT is a four question forced choice test based on past research regarding factors that enhance counterfactual thinking. This research had shown first, that outcomes preceded by unusual rather than typical actions heighten counterfactual thinking, 22 and second, that events that seem "almost" (either spatially or temporally) to have occurred also heighten counterfactual thinking. 22 For each of the four questions, events experienced by two individuals are presented, and three response options are given. Based on Hooker et al's pilot testing of the instrument, the responses showing normal manipulation of counterfactuals for each of the four questions are la, 2b, 3b, and 4a. When Hooker et al piloted the instrument with a group of undergraduates, the mean CIT score was 3.53 out of a total possible score of 4. If responses to the CIT were selected randomly, the expected score would be 1.32 (one in three chance multiplied by four items) (see table 1 ).
General cognitive measures
The animals category verbal fluency test 23 was used as a measure of semantic and verbal production. Participants are asked to generate as many names of animals as they can in the space of Table 1 The counterfactual inference test (Hooker et one minute. The mean number of words produced per minute is the outcome measure. The mini-mental state examination (MMSE) 24 is a short bedside examination that assesses basic orientation to time and place, receptive language abilities, visuo-constructional abilities, and attention as determined by simple serial calculations or spelling of a word backwards. Higher scores (total possible correct = 30) indicate intact cognitive abilities. These control measures were used to confirm that dysfunction in counterfactual thinking was not simply reducible to global deficits in cognition or poverty of speech.
Frontal tests
The Stroop procedure requires the subject to name the colour of the ink in which a coloured word is printed. The task involves three test cards, one containing rows of coloured rectangles, with the task being to name the colours as quickly as possible, one containing rows of colour words (printed in black ink), with the task being to read the words as quickly as possible, and the third "interference" test consisting of rows of colour words printed in ink colours incongruent with the word represented, with the task being to name the ink colours as quickly as possible. The subject must ignore the word and name the colour. We focus on interference effects in this paper. Susceptibility to cognitive interference is calculated as a ratio of the time taken to name the colours in the incongruent condition. We also tabulated the number of errors committed (for example, giving the word rather than the colour) during the interference condition. Positron emission tomography studies show that orbitofrontal cortex is activated in normal individuals during the interference condition. 25 In the Tower of London (TOL) task, 26 disks have to be moved from a starting configuration on three sticks of equal length to a target arrangement in a minimum number of moves. Subjects are asked to rearrange the disks on the sticks so that their positions match the target array (presented as a coloured drawing). The starting position of the discs is varied so that in any particular trial the solution can only be reached following a minimum number of moves. The subject's task is to solve the problem with the minimum number of possible moves. As we were interested in the participant's ability to plan their moves, we used "mean time elapsed until completion of first move" and "mean time per move" as our main outcome measures. We also tabulated the number of problems correctly solved, move accuracy, and the number of rule violations. A SPECT (single photon emission computed tomography) study has shown left prefrontal cortex activation in subjects attempting to plan their moves. 27 
Social functioning
We focused on social communication skills and used the "pragmatic protocol" developed by Prutting and Kirchner 28 to assess the appropriateness of social interactions. This is essentially a checklist of common social interactive behaviours that take place during regular conversations: How well does the patient respond to questions for information? Does he provide appropriate amounts of information rather than too much or too little? Does he stay on topic or is he tangential? The protocol is filled out by the examiner during or after 10 to 15 minutes of conversation with the patient. Prutting and Kirchner showed that the test protocol and scoring reaches adequate reliability and validity levels when used with healthy or brain damaged persons. The examiner presents the patient with a series of prescripted open ended questions in an attempt to elicit as much casual conversation as possible. Verbal, paralinguistic aspects, and non-verbal aspects of the patient's conversation are scored as either appropriate or non-appropriate. Points are given for appropriate responses and then converted to percentage inappropriate scores for the following skills: speech acts, maintaining topic, turn taking, lexical selection, style, prosodics and proxemics (maintaining appropriate physical distances with an interlocutor), and so on. Our outcome measure was the percentage of inappropriate scores for each subject. Neuropsychological reviews of social pragmatic communication skills tend to assign a right hemisphere and perhaps a right frontal role in mediating these social pragmatic skills. 29 
RESULTS
Patients with Parkinson's disease were less likely to generate counterfactual thoughts after recalling a negative memory and in response to direct questions than control participants: (mean (SD)) 0.77 (0.97) v 2.07 (1.7); t (1, 27) 
3 Items 1 and 3 reflect the fact that counterfactual thinking is enhanced for events that nearly happened compared with events that did not (item 1 is spatial, item 3 is temporal), whereas items 2 and 4 focus on the fact that counterfactual thinking is typically enhanced for unusual rather than normal events. Generally speaking the patients with Parkinson's disease performed most atypically relative to the undergraduate norm, with the age matched controls falling between these two groups. Fewer Parkinson's disease patients chose the correct response on each item (that is, a on 1, b on 2, b on 3, and a on 4) than either the age matched controls or the undergraduates. Greater percentages of Parkinson's disease patients as compared with both controls and undergraduates chose the "lure" response on all four items (that is, b on 1, a on 2, a on 3, and b on 4). While the patients with Parkinson's disease performed atypically on all items, they were most atypical for the "nearly happened" items (1and 3) and for those requiring evaluation of affective responses (1 and 2: "Who is more upset . . ."; "Who regrets . . .more . . ."), with very high percentages endorsing the "same/can't tell" response in question 1 and very high percentages selecting the incorrect lure item on question 2. For example, whereas 86% of the normative sample and 40% of the age matched controls selected "Janet" as the person who would be most upset, presumably because she was only 10 feet from safety when the mugging occurred (the "nearly happened" response), only 20% of Parkinson group did so. While only 14% of the normative undergraduates selected the "don't know -can't tell" response on this item, 73% of the Parkinson group selected the "don't know" response for the same item. Similarly, only 40% of Parkinson group selected the normative responses for items 2 and 3, compared with 88% plus of undergraduates and more than 50% of controls. The patients with Parkinson's disease approximated the normative response (53% of Parkinson's disease patients v 88% of undergraduates) only for question 4, a question requiring a judgment of "who thinks more about how to prevent a future accident" (in fact they exceeded the percentage of controls (40%) in this case). These results indicate that impairment both in counterfactual thinking and in counterfactual derived inferences are associated with Parkinson's disease (tables 1 and 2). Among Parkinson's disease patients, the correlation between the two measures of counterfactual thinking was substantial (r = 0.73, p = 0.01).
There were no significant differences between the two groups of participants on the animals category fluency measure of verbal production (controls 18. With respect to tests of frontal lobe function (table 2) , we found that varying numbers of patients with Parkinson's disease (typically two to three patients for any given test/task) could not complete all portions of the tests. Nevertheless, reliable differences between the Parkinson group and the age matched controls emerged on these tasks. On the Stroop interference test we found differences in mean interference completion times for controls v Parkinson's disease patients (58.8 (11.2) v 85.8 (19.9) seconds; t = 4.69, p = 0.0001). In addition, accuracy in the Parkinson group, as measured by the number of errors committed, was reduced relative to the age matched controls on this interference task. The mean number of errors for the Parkinson group was 3.61 (5.6) and for the controls, 0.16 (0.38); t = 2.6, p = 0.018. On the Tower of London task we found no significant differences in mean times for first move between the age matched control group and the Parkinson group (6.86 (9.3) v 9.14 (4.0) seconds, respectively; p = 0.405) or for mean times per move (6.02 (3.6) v 7.63 (10.5) seconds; p = 0.593). On the other hand, the patients with Parkinson's disease were significantly impaired on this task relative to age matched controls when the number of problems correctly solved, move accuracy, and the number of rule violations were taken into account in a total achievement score (TAS). Mean TAS for Parkinson's disease patients was 12.7 (5.2) and for controls, 17.2 (4.8) (t = −2.22, p = 0.036). With respect to social communication skills, controls showed a mean inappropriateness score of only 8%, while the Parkinson group was impaired on approximately 20% of the 30 categories on the pragmatic protocol (t(1,26) = −2.88, p = 0.01). These means also appear in table 2.
Counterfactual thinking was related to social functioningthat is, both the counterfactual generation scores and the CIT scores correlated reliably with the social pragmatic scores, (Bonferroni corrected r values, 0.38 and 0.45, both p < 0.05). In addition, the counterfactual generation test scores correlated strongly with TOL initial thinking time scores (r = 0.68, p = 0.03), and with the Stroop interference time score (r = −56, p = 0.01).
DISCUSSION
We found that patients with Parkinson's disease were impaired relative to controls on tests of counterfactual thinking and that this impairment was related to poor frontal function rather than to general cognitive impairment. The patients generated fewer counterfactual thoughts in response to recall of an adverse event than the control participants. Also, patients performed at chance levels on a counterfactual inference test where they were required to compute the appropriate counterfactually derived inferences about hypothetical social events. Counterfactual thinking was, however, reliably related to performance on tests of frontal function, correlating significantly with the Tower of London planning task total achievement score and the Stroop interference score.
With respect to the counterfactual generation task (where participants were asked to generate counterfactuals in response to a negative personal event), poor performance by the Parkinson group relative to the control group may have reflected a specific counterfactual generation deficit, a generalised cognitive deficit, or the inability to retrieve or generate as detailed an account of a negative personal event as controls. We think these alternatives to a more specific counterfactual generation deficit are unlikely for several reasons. First, patients with Parkinson's disease and controls did not differ substantially on measures of global cognitive function such as the MMSE and the animals fluency task. The mean Parkinson's disease MMSE score was approximately 27, while the mean for controls was 29 out of a possible total score of 30. Although the two-point difference was statistically significant it should be kept in mind that MMSE scores above 24 are generally considered to rule out dementia or global cognitive impairment. Thus both groups evidenced no global cognitive impairment. Similarly, both the Parkinson's disease patients and the controls generated roughly equal numbers of items on the animal fluency task, suggesting that semantic retrieval and cognitive response generation abilities were approximately equivalent for the two groups. Finally, each group produced nearly equal numbers of content words per sentence for the counterfactual sentences they generated on this task. The means for the Parkinson group and the control group were 2.5 and 3.8, respectively, and did not differ statistically (t value less than 1). We therefore tentatively conclude that patients with Parkinson's disease may have a specific deficit relative to age matched controls in counterfactual generation and thinking. We note that further research will be needed before any definite conclusions can be reached about the specificity of the counterfactual deficit in these patients.
While the patients with Parkinson's disease performed most poorly, the elderly controls in our studies did not perform normally (as compared with the undergraduates) on tests of counterfactual thinking. Inspection of patterns of response on the CIT or inference test shows that in terms of choosing correct responses and avoiding lures the controls generally fell between the undergraduates and the Parkinson group. Nevertheless, their overall mean correct score (2.0) on the inference test was not much better than would have been expected on the basis of chance (1.3). In addition, fewer controls chose the correct or normative response for question 4 than did the Parkinson's disease patients.
What, then, accounts for the relatively poor performance of the controls? As mentioned in our introductory review, we believe that counterfactual processing may depend to some extent on the neurocognitive functions of the frontal lobes. Frontal lobe dysfunction has been documented in many otherwise healthy elderly individuals. 30 The mean age of our controls was around 67 years. Many of these elderly subjects performed relatively poorly on both the Stroop and the Tower task (table 2) , thus supporting the view that their poor performance on counterfactual tasks may be related to mild frontal dysfunction. We feel that the poor performance of both the Parkinson group and the elderly controls on both the frontal lobe tests and the tasks of counterfactual thinking strongly supports our hypothesis that counterfactual processing depends to some extent on intact frontal systems. This is the first report, to our knowledge, documenting a counterfactual thinking impairment in patients with Parkinson's disease. We believe that impoverished counterfactual thinking may account for some of the cognitive and personality changes associated with Parkinson's disease. The parkinsonian personality is said to be rigid, stoic, and characterised by low novelty seeking. 19 20 Many patients in the mid to late stages of the disorder are perseverative both on tests of executive cognitive function and in their daily tendency to do counterproductive or even dangerous things (for example, driving a car, working with power tools, taking on complex construction projects), despite warnings to avoid these dangers. We suggest that counterfactual impairment may be one reason why these patients fail to learn from past mistakes and thus why they persist in maladaptive or dangerous behaviours.
Our findings may also carry some relevance for understanding the abilities of Parkinson's disease patients to handle daily social interactions and activities. If patients suffer counterfactual impairment they are less likely to be able to handle social conversations fluently, to formulate plans easily, or to compare alternative outcomes imaginatively, and so forth. The inefficiency in "running mental simulations" will have an impact on fundamental social skills, resulting ultimately in less flexibility and greater withdrawal from social interactions. The counterfactual impairment may also undermine the ability to self monitor, and thus patients do not realise that their communication skills (their ability to stay on topic, to take appropriate turns in a conversation, to provide enough information in a conversation, and so on) need adjustment. Because these kinds of daily social interaction influence the quality of life for the patient, it will be important for future studies to explore the contribution of the counterfactual deficit to daily social interactions with others. Effective coping with a chronic disorder such as Parkinson's disease requires that the patient be able to build up social networks and contacts, not undermine them.
Our data suggest that the root cause of the counterfactual impairment may be linked with frontal dysfunction, as counterfactual performance was correlated with measures of frontal impairment in the patients with Parkinson's disease. Our results support those of Hooker et al, 3 who found impoverished counterfactual thinking in schizophrenic individuals and speculated that this was caused by prefrontal dysfunction. There are several possible reasons why frontal lobe deficits might yield impairment in counterfactual thinking. To form a counterfactual, one has to hold the memory of an unpleasant event in the working memory stores long enough to compare what actually happened with the counterfactually derived alternative. To hold such complex information in working memory stores requires "resistance to interference," which is a well documented process thought to be mediated by the frontal lobes. [31] [32] [33] Perhaps patients are not able to generate counterfactual models efficiently and to compare these models with memories of the adverse event because of cognitive interference. The correlation between Stroop interference scores and counterfactual performance supports this possibility.
Another possibility involves a faulty a link between affect and cognition. Negative affect directly induces counterfactual thinking, and counterfactual thinking may itself amplify negative affect. 1 Damasio 34 suggested that efficient decision making is facilitated by accessing, through orbitofrontal and limbic routes, a "somatic marker" that yields relevant affective information. Patients with frontal dysfunction cannot access this somatic marker and so cannot use such information in decision making processes. Loss of somatic markers, or the inability to retrieve them, would interfere with normal counterfactual processing.
A final possibility concerns the role of the frontal cortex in supporting mental simulations or mental models in working memory of current events or problems. A counterfactual is a simulation of an alternative state of affairs and thus, like other mental models, should be supported in working memory processes of the frontal lobes. The correlation we found between TOL thinking scores and counterfactual performance supports this possibility.
Conclusions
Counterfactual thinking is fundamental to self reflective thought and a ubiquitous feature of mental life-one that has multifaceted implications for affect, coping, judgments of blame, and expectations for the future (see Roese, 1997 22 for a review). Moreover, published reports indicate that counterfactual thinking may have positive functional benefits on decision making and performance. 35 Thus counterfactual thinking processes should be targeted for intervention in patients with Parkinson's disease.
